We look at the structure and evolution of an information and communication technology (ICT) global innovation network (GIN) by mapping the locations of R&D centres belonging to a group of multinational ICT enterprises. We found that the number of countries and connections have increased in a very short time, and that most of the newcomers have come from Africa, Asia and South America. We show that a country's network position affects the creation and intensity of R&D linkages with other countries in the network. This suggests that the evolution of the ICT GIN is driven by, among other things, the preferential attachment mechanism, i.e. countries tend to connect to those countries which have more links. A country's position in the network also moderates the effect of standard determinants of innovation i, such as geographic distance. Hence, network position explains the creation of R&D linkages between such distant countries as the US, China or India.
Introduction
Modern high-tech firms seek knowledge sources and opportunities worldwide (Bartlett and Ghoshal 1990; Dunning 1994) . They do this by, for example, locating R&D centres and sourcing technology and knowledge abroad. If we look at the location of R&D centres around the world, a global innovation network emerges (GIN) (Zander 2002; Ernst 2000; Shin, Kraemer, and Dedrick 2009; Barnard and Chaminade 2011) . However, as studies of R&D internationalisation have up until now focused on the bilateral relationships between countries, the structure and workings of GINs are not fully understood (Tassey 2007) .
This study analyses the evolution and structure of the information and communication technology (ICT) GIN during two periods of a year each, i.e. 2011 and 2015. It looks at how a country's position in this network influences its attractiveness as a location for R&D activities. The ICT GIN is mapped using information on nearly 4500 R&D centres located worldwide belonging to multinational enterprises (MNEs) considered being the major semiconductor influencers.
The research had two steps. First, we mapped the structure and described the characteristics of the ICT GIN for the two years chosen (2011 and 2015) . We tested whether the network exhibited properties of core/periphery structure and identified the country KEYWORDS Global innovation network; globalisation of innovation; location of r&d centres; ICt; network analysis members for each of the chosen years. Second, we introduced lagged network measures into a gravity model of international R&D to assess how the position of a country in the ICT GIN influences its attractiveness as a location for R&D centres.
We chose the ICT industry because of its high level of globalisation and the unusual way its R&D is organised. Companies in this sector have perfected their capacity to combine cost reduction, speed to market and product differentiation which matches the needs of local consumers around the world. Part of their strategy has been to disperse their R&D activities across the world (Ernst 2002) , forming what is commonly referred to as a global innovation and business network. Our study of the structure and evolution of the global system of ICT R&D activities complements existing studies on R&D internationalisation. Most of these look at the firm level (Kuemmerle 1999; Boutellier, Gassmann, and von Zedtwitz 2008) or at the relationships between individual countries (Patel and Pavitt 1991; Belderbos, Fukao, and Iwasa 2006; Nepelski and De Prato 2012) . Our study, however, has a global focus and includes all the countries that participate in the GIN and all linkages between them. Comprehensive information on the input side of ICT R&D activity allowed us to overcome some of the problems which other measures of the internationalisation of R&D activity, such as patent data, have (Guellec and Van Pottelsberghe de la Potterie 2001) .
We applied social network analysis in this study. This has already been used to study networks of knowledge, R&D and innovation by means of patent data (Breschi and Lissoni 2004; Hsueh and Wang 2009; Li et al. 2014 ) and bibliometric data (Kretschmer 2004; Glänzel and Schubert 2005) . However, most of these studies were limited to a certain geographic area or technology and only a few attempted to map the global technological network (Graf and Kruger 2011; De Prato and Nepelski 2014; Nepelski and De Prato 2015) .
The paper is structured as follows: Section 2 creates a conceptual framework for analysing the intensity of R&D linkages in the ICT GIN. Section 3 describes the methodology used to present globally dispersed international ICT R&D centres as a network. Section 4 introduces the data used in the study and Section 5 analyses the ICT GIN's characteristics and the positions of countries in the network. Section 6 formulates a model of ICT R&D internationalisation and Section 7 discusses the results of empirical estimations. Section 8 offers our conclusions and points to some policy implications.
Research motivation and conceptual framework
The topic of R&D internationalisation has attracted a lot of attention over the last few years. A pioneer study on this subject found that the technological activities of multinational firms were concentrated in their home countries (Patel and Pavitt 1991) . More recent studies show, however, that R&D internationalisation has increased over the last two decades (Thomson 2013) . The current study builds on previous efforts to describe and understand the process of R&D internationalisation and its drivers. We control for a country's position in the GIN, and add this factor to the list of internationalisation drivers. Below we present a conceptual framework that allows us to formulate testable hypotheses.
The effect of asset seeking and asset exploitation on the intensity of R&D linkages
One of the most important reasons for locating R&D centres overseas is access to location-specific resources (Dunning 1988 (Dunning , 1994 . These resources include inputs to R&D activity, e.g. scientists and universities, and knowledge about customers and markets. Another reason for engaging in international R&D activities is access to the market. Thus, the two main determinants of R&D internationalisation are: economic capacity and the inventive performance of a host country (Patel and Pavitt 1991; Guellec and Van Pottelsberghe de la Potterie 2001; Dachs and Pyka 2010; Picci 2010) . We expect these two elements to be reflected in the asset exploitation and asset seeking behaviour of companies when they decide where to establish their international R&D activities (Kuemmerle 1999) . The former concerns the economic benefit of adapting and customising existing products to the needs of consumers in order to sell them on the local market, and the latter is about acquiring know-how and new technology.
Based on the above, we propose the following hypotheses on the determinants of the creation and intensity of linkages in the ICT GIN:
Hypothesis 1: The economic size of a host country has a positive impact on the creation and intensity of its R&D linkages with other countries.
Hypothesis 2:
The inventive output of a host country has a positive impact on the creation and intensity of its R&D linkages with other countries.
Although we are not able to disentangle the different motives for R&D offshoring, we assume that H1 is about asset exploitation, whereas H2 is about the asset seeking motives for establishing an R&D centre in a foreign country (Dunning 1994) .
Network position and the intensity of R&D linkages
If we consider all R&D centre locations around the world, a GIN emerges (Zander 2002; Ernst 2000; Shin, Kraemer, and Dedrick 2009; Barnard and Chaminade 2011) . Although the very nature of a GIN calls for a many-to-many approach, studies of R&D and innovation internationalisation have up until now looked at pairs of countries (Gassler and Nones 2008; Kumar 2008; Pittiglio, Sica, and Villa 2009) . Moreover, studies that take into account a large group of countries and explain technological collaboration activities between them are scarce (Patel and Pavitt 1991; Belderbos, Fukao, and Iwasa 2006; Picci 2010) . Only a few studies explicitly investigate innovation internationalisation empirically at the global level (Niosi and Bellon 1994; Bartholomew 1997) . Thus, the complexities of the GIN, e.g. the dynamics of linkages formation and their intensity, are not fully understood (Tassey 2007) .
One of the key features of networks is that they behave like complex systems. The elements of these systems, and their structures and dynamics are driven by collective actions. This happens because the behaviour of an individual, e.g. a firm, pursuing its own interests by setting up an R&D centre in a certain location, creates externalities which affect other actors in the network. In the context of R&D internationalisation, examples of these externalities include increased competition for skilled labour, or knowledge spillovers which become available to other firms. These externalities create substitution effects between a given country pair and third parties (Anderson and van Wincoop 2003) . Depending on the type of externalities, a location becomes more or less attractive as a base for foreign R&D activities.
Being connected globally is recognised as a crucial determinant of the position of individual locations in the global hierarchy. Being central and well-connected in the ICT networks has two implications. One concerns the nodes, i.e. individual regions or countries, and the other the entire network. If an individual location is well connected, it is exposed to a variety of information and ideas that flow to and from the nodes with which it interacts. Thus, the region is exposed to a wide range of opportunities and has potential access to resources and capabilities that can be combined with its own resources. The strength and quality of the connections of a node that plays the role of a hub influence the integrity and robustness of the entire network. This in turn, facilitates the flow of information and the combining of resources in different parts of the network. In other words, there is a reciprocal feedback effect between the node and the network.
Bearing in mind the above discussion on the role of a node's position in the network for the intensity of interactions with other nodes, we have formulated the following hypothesis:
Hypothesis 3: A country's centrality positively affects the creation and intensity of R&D linkages with its collaboration partners.
Constructing a global ICT innovation network
A straightforward way of representing international ICT R&D centres as a network is by drawing a line between two countries whenever a company based in one country owns an R&D centre in another country.
1 In our analysis, each arrow goes from the country in which the controlling company is based to the country where an R&D centre is located. Thus, as we know the locations of corporate control and of the R&D center, we can build a directed network. The set of nodes, V, is made up of the countries, and the set of arcs, A, is made up of the bilateral relationships that exist whenever one country hosts an R&D centre owned by a company from a different country. In this set-up, we can define the measures of centrality for countries in the following way:
• Out-degree of country i is the total number of countries in which companies based in country i maintain R&D centres abroad.
• In-degree of country i is the total number of countries from which companies locate R&D centres in country i.
In order to go beyond observing only the existence of connections, we use the number of R&D types carried out in each R&D centre as a proxy for linkage intensity. By R&D type, we mean distinct activities which have common traits or characteristics that distinguish them as a group or a class. Thus, for example, hardware and software research activities belong to different R&D types (for a full list of R&D types in this study, see Table 2 ). This leads us to the following definitions of R&D activity intensities, or the outgoing and incoming strengths of a node:
• Out-strength is the intensity of connections that country i maintains with other countries. It complements the out-degree, defined above, by looking at the scope of R&D activity performed by country i abroad. It is measured by the total number of R&D types performed in R&D centres located abroad and owned by firms from country i.
• In-strength is also the intensity of connections that country i maintains with other countries but in this case, it takes into account the scope of foreign R&D activity
1
We focus on bilateral relationships between countries and do not take into account loops, i.e. when a company's r&d centre and headquarter is located in the same country.
in country i. It complements the in-degree measure and can be proxied by the total number of R&D types performed in foreign-owned R&D centres located in country i.
In addition, to providing information about the roles countries play other than just connectivity measures, and to quantify the position of individual countries in the network, we use the following measures (Freeman 1978 ):
• Closeness centrality measures the distance of each node from other nodes in the network. It tells us how powerful a node is in terms of how short the paths from it to other actors of the network are. The closeness centrality of a node i is the number of the remaining nodes divided by the sum of all distances between that node and all the remaining ones, i.e.:
• Betweenness centrality measures the number of shortest paths in a network that traverse a node. It is the proportion of all geodesic distances between pairs of other nodes that include this vertex. Formally, the betweenness centrality of V i can be expressed as:
where jk is the total number of shortest paths joining any two nodes V k and V j , and i jk is the number of those paths that not only connect V k and V j , but also pass through V i . This property of a network reflects the amount of control that a node exerts over the interactions of other nodes in the network (Yoon, Blumer, and Lee 2006) . The measure of betweenness centrality rewards nodes that are part of communities, rather than nodes that lie inside a community. Therefore, it can be regarded as a measure of gatekeeping, strategic advantage and information control.
Data
The data-set we used provided details of 4461 R&D centres, including their location and information on the type of ICT R&D activity performed. It was collected by Information Handling Services (IHS) Markit, a consultancy which specialises in defence and technology.
2
Part of IHS Markit's activity is the collection of data on the location of R&D activities, which is mainly done through press review and direct contact with multinational companies in science and technology-intensive industries. We had access to the 2011 and 2015 editions of HIS Markit's company-level data-set, which gave us the location of ICT R&D (IHS-Markit 2011). The R&D centres included in the data-set belong to companies that are considered to be major semiconductor influencers. The objective of the IHS Markit observatory is to cover all countries in which these companies maintain any research activity. In order to check how representative the sample is, we compared it to the R&D Scoreboard (JRC 2015) . Of the 210 firms included in the sample, 190 are listed in the 2014 R&D Scoreboard and account for an expenditure of over 190 Billion Euro on R&D. This represents 91% of the 2014 R&D budget of ICT companies or 32% of the total R&D expenditure of the top 2500 global R&D investors. In terms of employment, they account for 20% of the total number of employees working in the 2500 firms. In 2014, the firms analysed employed 10.1 million people. Global employment in the ICT sector was 20.9 million people (PREDICT 2015) . Hence, the sample covers nearly 50% of the global ICT sector measured by the number of people employed. Our check also shows that the database is biased towards large enterprises. For example, among the firms included in the 2014 R&D Scoreboard, the median values of sales and employment in 2014 were 5.4 Billion Euro and 30,100 employees respectively. Thus, although the data cover a large part of the ICT sector, SMEs are underrepresented. Table 2 shows the distribution of R&D types performed overall and in international R&D centres. Each R&D centre can perform up to eight distinct types of R&D activity. The most common types of R&D carried out are hardware and software, which, in 2011, were performed in 62 and 47% of all R&D centres respectively. International R&D centres perform mostly hardware-and software-related research, whereas R&D activities related to components, technology and research are relatively more often performed in domestic R&D centres.
Each centre carried out an average of 1.69 types of R&D in 2011. If we look only at international R&D centres, an average R&D facility performed 1.61 R&D types. In other words, domestic R&D centres were more R&D intensive than overseas ones. In the following paragraphs, we will use the number of R&D types as a proxy for R&D intensity. This is based on the assumption that the more types of R&D performed in an R&D centre or location, the larger the centre's R&D scope and intensity. Besides the IHS Markit data, in the following analysis, we use the CEPII bilateral trade data to observe the distance and common language between countries ( Table 3 ). On the other hand, there were 52 countries in which international R&D centres were located. According to Figure 2 , these numbers had increased slightly by 2015. These observations allow us to conclude that the ownership or, in the language of international trade, the import of R&D services was much more concentrated than the location and performance of these activities. This means that there were more countries contributing to the R&D activities than countries which appropriated the results. altogether, these patent offices account for 99% of the total number of priority patent applications filed worldwide. The largest nodes by the number of out-going connections include the US, Japan, France, Germany, Sweden and China (see also Table 5 ). The main locations of international ICT R&D include the US, China, India, Germany and the UK. Table 3 --0  100  --1  100  27 Israel  IL  --1  100  --1  100  28 Malaysia  My  --0  100  --1  100  29 Poland  PL  --0  100  --1  100  30 united arab  Emirates   aE  --0  100  --0  100  31 argentina  ar  --0  100  --0  100  32 austria  at  --0  100  --0  100  33 Bulgaria  BG  --0  100  --0  100  34 Belarus  By  --1  100  --0  100  35 Chile  CL  --1  100  --0  100  36 Costa rica  Cr  --0  100  --0  100  37 Egypt  EG  --0  100  --0  100  38 Greece  Gr  --0  100  --0  100  39 Croatia  Hr  --1  100  --0  100  40 Hungary  Hu  --0  100  --0  100  41 Indonesia  Id  --1  100  --0  100  42 Luxembourg  Lu  --0  100  --0  100  43 Mexico  MX  --0  100  --0  100  44 norway  no  --0  100  --0  100  45 new Zealand  nZ  --1  100  --0  100  46 Philippines  PH  --0  100  --0  100  47 Pakistan  PK  --0  100  --0  100  48 Puerto rico  Pr  --1  100  --0  100  49 Portugal  Pt  --1  100  --0  100  50 romania  ro  --0  100  --0  100  51 slovenia  sI  --0  100  --0  100  52 slovak  republic   sK  --0  100  --0  100 (Continued) firms in our sample had their headquarters. By 2015, this number had increased to 22. The largest nodes in this network include the US, Japan, France and Germany. The majority of R&D centres belong to US companies. In 2011, US firms owned 39% and, in 2015, 36% of all R&D centres. Japan and the European Union (EU) account for nearly equal shares of R&D centres (around 22%). In 2011, 52 countries hosted R&D international centres and, in 2015, 66 countries did so. The US is the main destination for foreign R&D investments. New locations for R&D include countries such as Bangladesh, Jordan and Kenya, i.e. mainly developing countries from Africa, Asia and South America.
Figures presented in Table 3 show that China plays a relatively big role in the ICT GIN, in terms of ownership of international R&D centres and also as a location for foreign-owned R&D activities. Over 50% of R&D centres belonging to Chinese MNEs are located outside of China and over 80% of all R&D centres based in China belong to non-Chinese companies. This is a sign of China's importance as an active seeker of R&D opportunities abroad, and not only as a destination for R&D investment from other countries.
The indices of network connectivity show how well the ICT GIN was connected in 2011 and 2015 (see Table 4 ). The value of the network density index, i.e. a ratio of the number of existing linkages to the total number of possible connections, was 0.12 in 2011 and 0.11 in 2015, i.e. the network had 12%, or less, of all possible connections. It indicates that the network is not regular and not complete. Concerning the connectivity level of nodes, the value of the out-degree parameter is 17 (Table 4) . At the same time, the average in-degree is 6.7 (Table 4) . In other words, there is a consistent difference in the structure of R&D centre location and ownership connections. There are significantly more locations where R&D is performed than locations of corporate control over R&D activity.
Countries' positions in the network
Regarding the country positions in the ICT GIN, the US comes top of nearly all the rankings presented in Table 5 . This confirms its strong position as a source of control over R&D activities, as a place where foreign companies locate their R&D centres and as the hub of the ICT GIN. Concerning out-degree level, the US, Japan and European countries such as Germany and France play a key role. However, China came 5th in the out-degree ranking in 2015, indicating that Chinese companies frequently seek R&D opportunities overseas. China's level of out-degree places it ahead of countries such as Switzerland or Canada.
Concerning the level of in-degree (the number of linkages with other countries), the US leads. The top 15 locations for foreign ICT R&D activity also include China (as mentioned above) and emerging countries such as India, Poland, Russia, the Czech Republic and Brazil. These countries' relatively high ranking confirms their attractiveness as locations for hightech R&D activities and shows how dynamic the ICT GIN has been over the last few years.
The betweenness centrality index in Table 5 reflects the position of a country as a hub in the network of ICT R&D centres. The US clearly holds a strong position as a network hub. China's move to 2nd place is however worth noting. China, and also the US and Japan can be considered as the key hubs of the ICT GIN.
Core and periphery of the ICT GIN
The observations made in the previous section concerning the betweenness and closeness centrality indices suggest that the ICT GIN may have a core/periphery structure. Thus, with a view to obtaining more information about the structure of the network and the position and role of countries in the ICT GIN, we assessed empirically whether this network exhibits a core/periphery structure. We did this for the two periods, i.e. 2011 and 2015, and compared the changes in the structure.
The notion of core/periphery is based on the fact that many real world networks can be divided into two distinct sub-groups of actors that can be identified by type and number of connections. One sub-group is referred to as the core and the others as the periphery (Laumann and Pappi 1977) . The network core is a dense, well-connected sub-group and, conversely, the periphery consists of nodes loosely connected to each other, and also to some members of the core. In the terminology of block modelling, the core is seen as a 1-block, and the periphery is seen as a 0-block, where 1 represents the existence of a connection between two nodes and 0 the lack of it. The core/periphery structure has been found in a number of studies on, for example, scientific citations networks (Doreian 1985) , international trade (Smith and White 1992) and corporate structures (Barsky 1999 ).
An empirical measure of how well the real structure approximates the ideal one, i.e. where nodes belonging to the core are connected with other nodes from the core and the periphery and nodes belonging to the periphery are only connected with some core nodes, can be defined as:
where a i,j indicates the presence or absence of a connection in the observed data, C i refers to the group (core or periphery) to which node i is assigned to, and i,j -a pattern matrix -reflects the presence or absence of a connection in the ideal image (Borgatti and Everett 2000) . In this framework, , i.e. the measure of core/periphery structure, achieves its maximum when, and only when, A (the matrix of a i,j ) and Δ (the matrix of i,j ) are identical. In other words, reports the results of the Pearson correlation and it can be said that a network exhibits a core/periphery structure to the extent that the correlation between the ideal structure and the data is large.
In order to detect the core/periphery structure in our data, we used a genetic algorithm to find a partition where the correlation between the data and the pattern matrix induced by the partition is maximised (Borgatti, Everett, and Freeman 2002) . The results of the analysis are reported in Table 6 .
We find that the final fitness measure ρ is 0.906 for the 2011 ICT GIN and 0.827 for the 2015 ICT GIN at the significance level p < 0.001. Thus, bearing in mind that the maximum value of ρ is 1, this indicates that both ICT GINs have a core/periphery structure. This is further confirmed by the reported density measures for individual partitions. Whereas the core-core partition has a density level at 0.886 in the 2011 ICT GIN and 0.743 in the 2015 ICT GIN, the same value for the periphery-periphery partition is equal or slightly higher than zero. In other words, the nodes belonging to the core are very well connected with each other and relatively well connected with peripheral nodes. In contrast, nodes in the periphery are barely connected with each other. In conclusion, in both time periods, the ICT GIN exhibits a strong core/periphery structure.
Regarding the composition of each partition, a total of 15 countries belong to the core group in 2011 (24 in 2015), i.e. 28% (37% in 2015) of the sample, whereas the periphery consists of 39 in 2011 (41 in 2015) countries (see Table 7 ). As expected, the majority of countries in the core are developed countries with a relatively high level of GDP and a sound R&D background. However, the presence of countries such as China, India or Taiwan in the core indicates that these developing countries are among the key players in the ICT GIN. Between 2011 and 2015 there was a change in the composition of the two blocks. 9 countries moved from the periphery to the core of the network. These countries were: Belgium, Brazil, the Czech Republic, Denmark, Ireland, Poland, Russia, Singapore, and Turkey. Thus, in 2011 the core of the network included a few, mainly developed countries, but then in 2015 it became much more heterogeneous.
The determinants of international R&D linkages
In order to explain the results presented in the previous sections, we must know what determines international R&D activities in terms of the structure of the ICT GIN. In order to select a set of determinants of R&D internationalisation, we relied on the existing empirical and theoretical literature on this subject (Dunning 1994; Kuemmerle 1999; Narula 2003; Boutellier, Gassmann, and von Zedtwitz 2008) . As an empirical tool we used the gravity model, which is widely established in studies of international trade. (De Benedictis and Tajoli 2011). The gravity model has proved useful for empirical analysis of the determinants of FDI Pfaffermayr 2004a, 2004b) , cross-border equity flow (Portes and Rey 2005) and R&D internationalisation (Picci 2010 ).
The gravity model specification allowed us to formulate predictions concerning the structure of the network, i.e. the existence of trade or R&D relationships between countries. The straightforward form of the gravity equation can be expressed as: where two vertices, V i and V j , with non-negative GDP included in the value function of a vertex P and the geographic distance D ij , captured by the arc value function W, are expected to develop a positive exchange linkage (i.e. a i,j = 1). Our analysis focused on explaining the determinants of the intensity and creation of R&D linkages between countries in the ICT GIN. The intensity of R&D linkages is proxied by the number of R&D centres located in country j and owned by a company from country i. 4 This measure refers to the 2015 ICT GIN. With respect to the creation of R&D linkages between countries in the ICT GIN, we used the difference between the number of R&D centres for each pair of countries in 2015 and the number in 2011.
The dependent variables were count variables. We modelled the probability that a country i establishes a linkage with country j, i.e. a i,j , and the intensity of these linkages, i.e. w i,j , as vectors of attributes of both countries (X
The Poisson approach is often used to specify this probability function:
where a i,j = 0, 1, 2, …, w i,j = 0, 1, 2, … and i,j = exp(X
, where i and j are vectors of unknown parameters to be estimated. The Poisson estimation requires that i,j is both the mean and the variance. However, as we have shown in the previous section, the dependent variable controlling for the number of R&D centres per linkage may not meet these requirements. Thus, an alternative would be to select a distribution other than Poisson, which would allow the variance to be greater than the mean. The negative binomial distribution is often more appropriate in cases of over-dispersion (Cameron and Trivedi 1998) . Thus, in order to check the robustness of the results, we ran estimations using negative binomial regression. The additional estimations did not change our results.
Our dependent variable had many zero values, which would probably have produced biased results (Martin and Pham 2015) . Hence, although a Poisson estimation is expected to provide unbiased results even when zero values are frequent (Santos Silva and Tenreyro 2011), we included in our estimation all the potential linkages between countries in our sample.
We proceeded to formulate a model in which we expected the intensity of R&D linkages between countries to depend on some of its characteristics. To identify these determinants, we derived a set of factors that are used in studies which conceptualise the issue of R&D internationalisation (Dunning 1994; Kuemmerle 1999; Narula 2003; Boutellier, Gassmann, and von Zedtwitz 2008) . In addition, in order to capture the effect of the network position of a country on the intensity of international R&D linkages, we included network measures which controlled for the position of countries in the ICT GIN. In order to avoid the problem of endogeneity, we estimated the effect of a country's network measures computed 4 In order to check the robustness of the results, we ran regressions with dependent variable based on the number of r&d types. Because the results were not qualitatively different from those reported here, they were not included and are available upon request.
for the ICT GIN in 2011 on the number and change of R&D centres. In formal terms, our function of the intensity and creation of R&D connections between countries takes the following form:
As mentioned above, we looked at the determinants of the intensity and creation of R&D linkages between countries. Hence, when speaking of the intensity of the linkages, y ij represents the count of R&D centres located in country j and owned by a company from country i. This number refers to the year 2015. In turn, when looking at the creation of linkages, y ij represents the change in the number of R&D centres located in country j and owned by a company from country i. The difference is computed for the time period between 2015 and 2011. Independent variables include geographical and cultural proximity between countries, their economic size, innovative potential and positions in the ICT GIN. Network measures refer to the network in 2011.
Concerning the geographical proximity, we used a variable which controls for the distance between countries i and j, Dist ij . In addition, in order to account for other frictions in inventive collaboration resulting from cultural differences, we included a dummy variable Lang i,j , which indicated whether two countries shared a common official language (Mayer and Zignago 2011) .
Regarding the economic size of countries linked through an R&D centre, information on GDP (in current US$ in 2015) for both the R&D centre host country i and the control country j is included (IMF 2015) . These measures are intended to account for the attractiveness of a foreign market j from a perspective of a company with origin in country i. A positive sign of a GDP j coefficient would confirm the asset exploitation strategy, as defined in (Kuemmerle 1999) .
Knowing that the size of a country may also affect the existence and intensity of R&D relationships between countries, we controlled for the size of population. As with the economic size of a country, we included information on population size for both the R&D centre host country i and the control country j. The rationale behind controlling for the size of a control country is that large countries have more firms doing R&D and hence are likely to have more linkages. In turn, including the effect of population size of a host country is related to its potential market size and hence its economic attractiveness.
In addition, we controlled for the innovation performance of an R&D-hosting and -owning country. From the perspective of a host country, j, the measure of its inventive performance indicates the inventive capacity which may attract R&D-related investments. From the perspective of an R&D-owning country, i, it indicates its inventive absorptive capacity. The innovation performance of a country is captured by the total number of patent applications made by residents of this country.
Lastly, a vector of network measures included in the above specification, N, contains the measure of in-and out-degree, closeness and betweenness centrality of country i and j in 2011. The main reason for including these measures to explain the internationalisation of R&D activities is related to the fact that standard statistical techniques treat linkages as features of single countries (Fagiolo, Reyes, and Schiavo 2007) . Hence, a country's decision to locate an R&D centre in a foreign country is considered in the same way as other country-specific variables, like GDP, population size or innovation capacity. However, R&D (8)
location decisions and subsequent knowledge and technology flows have to do with both the origin and the target country, and also other countries in the network. While standard measures allow us to analyse only first-order relationships (e.g. ownership/hosting of R&D centre between any pair of countries), network analysis allows us to study second-and/ or higher order relationships. For example, the creation of bilateral linkages between two countries involving R&D collaboration or trade in R&D services can affect the creation of these linkages between a different pair of countries. Network measures are expected to capture externalities of this kind, which in practice are frequently treated as unobserved heterogeneity or controlled for with country effect estimators. Table 8 presents the results of the regressions where the dependent variable is the number of R&D centres per linkage in 2015. First, we reported estimations with variables controlling for countries' geographic and cultural proximity, their economic size and their inventive performance. Subsequently, we added lagged network indices to the specification. Because some of the network measures were strongly correlated with GDP, e.g. betweenness centrality, we ran additional regressions without the variables controlling for countries' GDP in order to check the robustness of these results.
Empirical results

The determinants of R&D linkages in the ICT GIN
All the coefficients of the standard gravity model, i.e. distance, common language, the economy size, have the expected signs. The variables controlling for the size of countries have a negative impact on the existence of a R&D linkage between two countries. In other words, most of the relationships take place between relatively small countries. Furthermore, the coefficients related to the number of patents also reveal that innovation performance has a significant impact on the existence of R&D linkages between countries. From the perspective of country i, the positive impact of innovation performance is related to a country's absorptive capacity and increases the probability of establishing an R&D centre abroad. A positive sign observed for country j indicates that the inventive capacity of an R&D centre-hosting country is one of the key determinants of a decision to establish such a facility. This suggests that a country's market size and innovation capacity are important factors in the choice of a location for R&D facilities. In other words, we can accept the first and the second hypothesis formulated in Section 2.1.
Turning our attention to the core of our analysis, i.e. the impact of a country's position in the ICT GIN on the creation of R&D linkages, we observe that relevant network measures are highly significant. For example, the out-degree of country i, i.e. a country whose companies locate R&D centres abroad, has a negative impact on the creation of R&D linkages. In contrast, the out-degree of country j, i.e. a country hosting foreign R&D centres, has a positive impact on the formation of R&D linkages. Similarly, the in-degree of country i seems to have a stronger positive effect on the creation of R&D links between countries. The negative effects of the out-degree of country i and the in-degree of country j, although the latter is statistically insignificant, can be interpreted as follows: countries which already have a high number of linkages are less likely to create new links. This rather surprising finding is consistent with, for example, the effect of a country's in-degree on its trade linkages, i.e. where there is a decreasing marginal advantage of increasing the in-degree (De Benedictis and Tajoli 2011) . This suggests that R&D internationalisation is subject to diminishing returns. Table 8 . Estimation results of the determinants of the linkages in the GIn.
notes: the dependent variable is the number of r&d centres per link. the list of explanatory variables includes: log of distance between two the capitals of each pair of countries; dummy variable controlling for common language; logs of real GdP, population size, inventive performance, measured by the number of patents of country i and j. network measures, i.e. out-and in-degree, closeness and betweenness centrality of country i and j, refer to the position of a country in the GIn in 2011. all models report Poisson regression estimates. ***, ** and *Indicate 1, 5 and 10% significance levels, respectively.
source: own calculations based on the data from IHs, CEPII and IMF. Variable Finally, measures of betweenness, i.e. of the role of a hub in the network, have the strongest impact on the dependent variable. Furthermore, we observe that the closeness of country j in the network increases the likelihood of creating new R&D links. This finding is further strengthened by the relevance of the in-degree of country i and the out-degree of country j. Thus, countries that are 'close' to the remaining countries, i.e. those with short geodesic distances to other countries in the network, are strongly favoured over those that are on the outskirts of the network. This finding implies that R&D centre location choices have spillover effects. Furthermore, this suggests that connections in the ICT GIN are driven by the preferential attachment principle, i.e. nodes that already have many connections are more attractive as partners (Barabási and Albert 1999) .
The inclusion of network indices also has a considerable impact on standard gravity variables, which are traditionally considered to be important drivers of international collaboration. For example, the negative effect of proximity is considerably weakened or irrelevant. This does not come as a surprise, as the position of a country in the ICT GIN can be independent of its geographical position. The intensive collaboration between, for example, the US and China or some European countries is a clear example of this. The network indices also reduce the role of GDP and increase the importance of population. In the light of the results that stem from a standard gravity model, i.e. regression (1) in Table 8 , this suggests that it is the potential rather than the actual economic size of a country that influences the intensity of R&D linkages between the countries. Moreover, the results are not sensitive to the exclusion of the variable which controls for countries' economic size (regression (6) in Table 8 ). Table 9 presents the results of the regressions where the dependent variable was the change in the number of R&D centres per linkage during 2011 and 2015. First we report estimations with variables controlling for countries' geographic and cultural proximity, their economic size and their inventive performance. Subsequently, we extend these specifications by lagged network indices. As before, we ran additional regressions without the variables controlling for countries' GDP in order to check the robustness of these results.
The determinants of the change of intensity of R&D linkages in the ICT GIN
In general, the coefficients of the standard gravity model have the expected signs. In this case also, the population size of both countries has either no impact or a negative impact on the likelihood of increasing the number of R&D connections.
Regarding the effect of a country's position in the ICT GIN on the creation of R&D linkages, we again observe the great importance of network measures. In particular, the closeness centrality of both countries and the betweenness centrality of host countries are important drivers of the formation of R&D linkages. Of the remaining network measures, the in-degree of a country for R&D centre ownership and the out-degree of a country for R&D centre location have positive and significant signs. At the same time, the out-degree of a country for R&D centre ownership has a negative impact on the likelihood of an R&D link being created. In other words, R&D centres are mainly located in countries which usually source their R&D services from abroad. Hence, the creation of R&D linkages takes place mainly between countries that are already strongly involved in the internationalisation of R&D activity, i.e. those that are at the core of the network. This again hints at the importance of the preferential attachment principle in the evolution of the ICT GIN. Table 9 . Estimation results of the determinants of the change of intensity of r&d linkages in the ICt GIn. As in the previous case, the inclusion of network indices affects the standard gravity variables. The most interesting is that the coefficient controlling for the distance between two countries changes to positive. It shows that, unlike trade, the internationalisation of R&D activities is less affected by physical distance. This way, the inclusion of the network indices allows us to better understand the mechanism behind the creation of R&D linkages between distant and different countries, such as the US and China or India. Finally, the results are not affected by the exclusion of the variable controlling for the economic size of countries (regression (6) in Table 8 ).
Conclusions
This study reveals that there is a consistent difference in the structure of R&D ownership and R&D location. Whereas global corporate ownership of R&D activity is very concentrated, its location is globally dispersed. The ICT GIN also shows signs of 'cliquishness' , in that countries establish R&D relationships with countries that they are already connected with. This type of clustering reveals that there are strong 'local' linkages, which do not, however, imply geographical or cultural proximity. As a result, a strong position in the ICT GIN network has positive implications for the creation of R&D linkages with other countries. Moreover, network indices strongly affect the standard gravity model variables. For example, when controlling for a country's position in the network, the coefficient sign of the distance variable is positive. This explains the intensive relationships between countries as distant and different from each other as the US, China or India.
One finding worth emphasising is that the number of R&D connections is negatively related to the intensity of these interactions. This is a very important point, considering that the likelihood of forming a linkage in the ICT GIN does not depend on the number of connections a country maintains with other countries, but rather on the quality of these connections. In particular, relative closeness to other countries seems to play a key role. This shows some similarities to international trade dynamics, where there is a trade-off between the number of linkages and the volume of flows. It seems that R&D exchange is also subject to decreasing marginal advantage as the number of linkages increases. This could be a result of externalities. For example, by setting up an R&D centre in a certain location, a firm creates externalities that affect other firms, e.g. increased competition for skilled labour or knowledge spillovers. This, in turn, can affect the decision of other firms to set up R&D facilities in the same place.
The GIN does not share all the properties of the trade network. The role of physical distance is not the same as it is in trade gravity models. Due to digitisation, i.e. information and knowledge is stored in digital rather than physical format, the way information and knowledge is handled, manipulated and created changes. At the aggregated level, this implies a transformation of the economic structures that rely on information and knowledge to produce goods and services. The heavy use of digitised information by the ICT sector allows it to overcome the limitations of distance. Ultimately, this makes the way the ICT GIN functions different from, for example, that of trade networks.
Regarding the methodology used in this paper, we show that network analysis can help to capture the complexity of GINs and the evolution of R&D linkages between countries. Thus, it offers a new perspective on the organisation of R&D activities and helps us to understand the process of interactions with other actors. Network analysis shows that a country's position in the innovation network depends on its ability to develop collaboration mechanisms that support mutual co-dependencies with other countries. Managers and policy-makers need to be more alert to these mechanisms than before in order to spot opportunities and act on them. First of all, the GIN is a result of the international division of innovation processes in which countries participate and in which firms have a broader capacity to access and combine knowledge from a variety of sources (Sachwald 2008) . Consequently, when designing R&D and innovation policies, policy-makers should give them a multinational dimension, acknowledging that whatever happens in one country affects the remaining countries and vice versa. This means that although building a strong knowledge base is a necessary condition for participating in the GIN, it may not be a sufficient condition to get the most out of this participation. Rather than designing policies driven by the notion of competition for innovation resources and the corresponding pay-offs, it may be advisable to create a mutually beneficial system of collaboration, taking into account interactions with a large number of players. Second, one of the main reasons behind the emergence of the ICT GIN is the increasing complexity of technologies. This requires both firms and countries to specialise. Thus, innovation policies should include a solid assessment of a country's strengths and mechanisms for their enhancement, with a view to finding and maintaining a strategic position in the technological network. This point is clearly emphasised by the disproportionately high number of sources of R&D services, as compared to the number of countries procuring these services. A country's attractiveness as a location for these R&D activities, and hence its bargaining power, both strongly depend on its technological uniqueness.
This study has some limitations. First of all, the data used cover only a selection of companies. Second, the two images of the ICT GIN in 2011 and 2015 do not allow us to draw long-term conclusions with respect to this network's dynamics and evolution. Finally, the information on the R&D activities of the companies selected is also limited. This considerably reduces our ability to investigate the intensity and quality of R&D connections between countries (Annex).
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